Using the symmetry of the near-horizon geometry and applying quantum field theory of a complex scalar field, we study the spontaneous pair production of charged scalars from near-extremal rotating, electrically and/or magnetically charged black holes. Analytical expressions for pair production, vacuum persistence and absorption cross section are found, and the spectral distribution is given a thermal interpretation. The pair production in near-extremal black holes has a factorization into the Schwinger effect in AdS and Schwinger effect in Rindler space, measuring the deviational from extremality. The associated holographical correspondence is confirmed at the 2-point function level by comparing the absorption cross section ratio as well as the pair production rate both from the gravity and the conformal field theories. The production of monopoles is discussed.
Introduction
Black holes, as a consequence of vacuum fluctuations, create all species of particle pairs near their horizons, half of which radiate to the spatial infinity, leading to the so-called Hawking radiation.
1,2 Schwinger mechanism has also been known for long that virtual pairs created from vacuum fluctuations could be physically separated by a strong external electric field and substantiated as real pairs leading to spontaneous pair production. [3] [4] [5] Charged black hole thus provide both strong gravitational and electric fields resulting in either the Hawking radiation and/or Schwinger pair production, which intermingles part of quantum gravity effects and strong field quantum electrodynamics (QED) effects. The emission of charges from charged black holes has been studied independently of the Hawking radiation [6] [7] [8] [9] [10] and intensively studied since then both for nonextremal and extremal cases [11] [12] [13] [14] (for a review and references, see Refs. 15 and 16) .
In this paper, we review the emission of scalar charges from near-extremal charged black holes from the view point of quantum field theory in near-horizon geometry. A near-extremal black hole has an extremely small Hawking temperature, and therefore its Hawking radiation is exponentially suppressed. On the other hand, the electric field on the horizon becomes strong enough to trigger the emission of charges dominantly through the Schwinger mechanism. This study differs from those early works in the following aspect. A conventional wisdom was to calculate the tunneling probability of virtual particles in negative energy states of the Dirac sea into positive energy states, whose mass gap is modified by the charged black hole to allow finite tunneling probability. [8] [9] [10] [11] [12] [13] [14] In the phase-integral method the leading contribution to the pair production comes from the poles near the horizon. 17 In our approach, we make use of the local geometry near the horizon: the geometry of a near-extremal charged black hole has the structure of AdS 2 × S 2 for a nonrotating one and it has the warped AdS 3 for a rotating one, while the geometry of a non-extremal charged black hole is Rindler 2 × S 2 for a nonrotating one. Hence, the symmetry of near-horizon geometries allows the separation of quantum fields, which leads to analytical expressions for the in-vacuum and the out-vacuum and thereby the spectral distribution of spontaneously created pairs. The Schwinger mechanism and QED vacuum polarization in dS 2 and AdS 2 and their relation to black holes are discussed in Ref. 17 . The Schwinger mechanism and the Hawking radiation as quantum tunneling 18 are, however, intertwined for the spontaneous pair production occurring in charged black holes, whose dominant contribution comes from the near-horizon region. Here we review and study the scalar particle emission in the spacetime of the nearhorizon region of the near-extremal charged black holes. The simplest model is the scalar production in Reissner-Nordström (RN) black holes 19 (see Ref. 20 for spinor production). In this case the spacetime has an AdS 2 × S 2 structure and the electric field is constant near the horizon. Using the symmetry of geometry, one can analytically solve the Klein-Gordon (KG) equation and give an exact expression for the production rate. The analysis can be generalized to Kerr-Newman (KN) black holes 21 and also include a magnetic charge. 22 Then, the angular momentum deforms the near-horizon spacetime geometry to be a warped AdS 3 , but the KG equation still can be separated and solved analytically. The pair production has a remarkable thermal interpretation based on the discussions in Refs. 23, 24, 25, 26 and 17 . Moreover, the scalar production has a nice conformal field theory (CFT) dual picture supporting the KN/CFTs correspondence.
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Emission of Charges from near-extremal KN black holes
The near-horizon geometry of a near-extremal dyonic KN black hole has the structure of a warped AdS 3 as in Ref. 22
where
Here, a is the angular momentum parameter and Q, P are the electric and magnetic charges of the original dyonic KN black holes, and B measures a deviation from the extremal limit and acts as the new horizon ρ H = B in this geometry. The zero magnetic charge (P = 0) corresponds to the KN black hole while the zero angular momentum (a = 0) corresponds to the RN black hole with both electric and magnetic charges and the gauge potential for the electric charge and Dirac monopole in the near-horizon geometry
Associated to the black hole thermodynamics, the Hawking temperature, entropy, angular velocity, and chemical potentials (Φ H is given from the Hodge dual of Maxwell field dA [1] in the original KN metric) are
The thermodynamical variables (5), as the metric (1) and the gauge field (2) do, contain the KN black hole, RN black hole as well as dyonic RN black hole with both electric and magnetic charges in the limit of P = 0, a = P = 0, and a = 0, respectively. The KG equation for scalar dyons can be exactly solved. An effective potential due to the electromagnetic and gravitational interactions induces tunneling processes for the pair production. By imposing a suitable boundary condition, one can obtain the production rate from the incoming and outgoing fluxes on the horizon and the asymptotic boundary of the near-horizon geometry. 19 For instance, without an incoming flux at the asymptotic outer boundary, the relative ratio of the outgoing (transmitted) flux in the asymptotic region to the incoming (reflected) flux at the horizon counts the spontaneously produced particles while the ratio of the outgoing (incident) flux to the incoming flux at the horizon gives the vacuum persistence amplitude due to vacuum fluctuations. On the other hand, the group velocity for created fermions leads to the relative ratio of the outgoing flux in the asymptotic region to the outgoing flux at the horizon for the fermion production probability.
We now focus on production of bosonic particles. Following Ref. 29 , the flux conservation
is related to the Bogoliubov relation
where the vacuum persistence amplitude |A| 2 and the mean number of produced pairs |B| 2 are given by the ratios of the flux components
Moreover, from the viewpoint of scattering of an incident flux from the asymptotic boundary, we can define the absorption cross section ratio as
In comparison, the group velocity for fermions leads to the vacuum persistence amplitude and the mean number of produced fermion pairs
where the fluxes D incident , D reflected and D transmitted are computed from the spindiagonal equations. Using the following ansatz (hereafter parameters m, q, and p are the mass, electric and magnetic charges of a scalar field)
a straightforward calculation leads to the Bogoliubov coefficients and the absorption cross section ratio as (the derivation in detail can be found in Ref. 22 )
in which µ 2 is positive due to the BF bound violation in the AdS 2 spacetime.
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Following our previous studies, 19,21 the mean number of produced pairs (13) can be rewritten as
1 + e −2πκ−2πµ
Note that the mean number (16) has a similar form as those of charged scalars with λ l = l(l + 1) for spherical harmonics in a near-extremal RN black hole 19 and with the same quantum number in KN black hole 21 since the near-horizon geometry has an AdS 2 × S 2 and a warped AdS 3 for the near-extremal RN and KN black holes, respectively. According to Refs. 24 and 25, one may introduce an effective temperature and its associated counterpart
where the effective massm ism
and the corresponding Unruh temperature T U and AdS curvature R are
Note that an AdS space binds a pair and thus increases the effective mass in contrast to a dS space which separates a pair and reduces the effective mass. Finally, we may introduce a thermal interpretation by factorizing the mean number (16) as
. (20) The first parenthesis is the Schwinger effect with the effective temperature T KN in AdS 2 23 and the second parenthesis is the Schwinger effect in the Rindler space,
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in which the Unruh temperature is given by the Hawking temperature and charges have the chemical potentials Φ H ,Φ H , and Ω H while the effective temperature for the Schwinger effect due to the electric field on the horizon is still given by T KN . The extremal KN black hole can be obtained by taking the limit T H = 0 and κ = 0, in which the second parenthesis multiplied by the prefactor becomes unity. An interesting physics is the monopole production: upon the Dirac quantization (ep) = 2π of charges and a small electric coupling α = e 2 = 1/137, the symmetry of the pair production of electric and magnetic charges from dyonic black holes is broken due to e/p = α/2π. Monopole production and related physics go beyond the scope of this paper and will be addressed elsewhere.
KN/CFT duality
According to the KN/CFTs duality, 28,31 the absorption cross section ratio of scalar field in Eq. (14) corresponds to that of its dual operator in the dual two-dimensional CFT with left-and right-hand sectors
and (Φ L , Φ R ) are respectively the charges and chemical potentials (both including the electric and the magnetic contributions for the dyonic KN black hole case) of the dual left and right-hand operators. The complex conformal dimensions (h L , h R ) of the dual operator be read out from the asymptotic expansion of the bulk dyonic charged scalar field at the AdS boundary
For dyonic KN black holes, there are in general three different pictures, namely J-, Q-and the P -pictures, in the dual CFTs descriptions. Here, we only show the result of J-picture (for the other two pictures, see Ref. 22 ). In the J-picture, the left-and right-hand central charges of the dual CFT are determined by the angular momentum
and the associated left-and right-hand temperatures for the near-extremal dyonic KN black hole are
The CFT microscopic entropy from the Cardy formula
agrees with the macroscopic entropy (5) of the near-extremal KN black hole. Besides, by matching the first law of black hole thermodynamics with that of the dual CFT, i.e., δS BH = δS CFT , the following relation holds
where the angular velocity and chemical potentials at ρ = B are given in Eq. (5).
To probe the rotation we need to turn off the charges of the probe scalar field and set T L = T J L and T R = T J R , then for the dyonic KN black hole δM = ω, δJ = n, δQ = 0, δP = 0. Thus, we havẽ
where q, p are set to zero. Consequently, the agreement between the absorption cross section ratio (14) of the scalar field (with q = p = 0) in the near-extremal dyonic KN black hole and that of its dual scalar operator in Eq. (21) is confirmed in the J-picture.
Conclusion
We have reviewed and studied the emission of charges from near-extremal dyonic KN black holes within the framework of the quantum field in the near-horizon geometry. 22 The symmetry of the near-horizon geometry of near-extremal black holes leads to analytic expressions for the solutions and therefrom the in-vacuum and the out-vacuum and pair production rate. This makes a drastic difference from the conventional wisdom which computes the tunneling probability of virtual particles from the Dirac sea in charged black holes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In fact, the phase-integral formulation or the Hamilton-Jacobi equation for spinless charges has simple poles near the horizon, whose residues determine the leading term of pair production. On the other hand, the quantum field theory in the near-horizon geometry exhibits a rich structure of the spectral distribution of produced particles. A caveat, however, is that the exact solutions in the near-horizon are not the solutions in the original global spacetime of black holes but carry the essential information of pair production that occurs the near horizon and that the back-reaction due to produced pairs and the induced current is not considered.
The near-horizon region contains a causal horizon and the electric field effect near the horizon dominantly gives rise to both the Hawking radiation and the Schwinger mechanism. By imposing the proper boundary condition on the exact solutions, the pair production, vacuum persistence amplitude and absorption cross section can be obtained from the relative ratios of the fluxes on the asymptotic boundary and horizon. This approach provides one with a systematic method for the pair production and vacuum polarization in a proper-time integral representation. 17, 23 The thermal interpretation of the pair production rate for the nearextremal dyonic KN black holes consists of the Schwinger effect in the AdS 2 space mainly due to the electromagnetic field of black holes and the Schwinger effect in the Rindler space due to the Hawking temperature. The dual CFTs descriptions of the Schwinger pair production of the near-extremal KN black hole 21 can be generalized into the threefold dual CFTs pictures for the dyonic KN black hole which includes an additional magnetic charge. The third P -picture is associated with the dual gauge potential, a new "magnetic hair" of the dyonic KN black hole and a U (1) fiber on the base manifold. Based on the threefold dyonic KN/CFTs duality, the dual CFTs descriptions of the absorption cross section ratios and the pair production rate of the dyonic charged scalar field can be confirmed in the J-, Q-, and P -pictures, respectively.
The near-extremal dyonic KN black hole is the most general model in the sense that the zero magnetic charge limit corresponds to the KN black hole and the zero angular momentum (nonrotating) limit recovers the RN black hole with both electric and magnetic charge. Further restricting to zero angular momentum and magnetic charge reduces to the RN black hole. The formulae in this paper have such limits by replacing the separation parameter λ l by l(l + 1) for spherical harmonics for nonrotating black holes. The magnetic charge has the Dirac monopole for the black hole, and the quantization condition ep = 2π of electric charges and the fine structure constant e 2 = α leads to e/p = α/2π, which implies the magnetic charge is larger by order of three than the electric charge. Then, the monopole production from a magnetic black hole is suppressed since the Unruh temperature is proportional to p/P compared to e/Q of an electric black hole. The physics related to production of electric charges and magnetic monopoles from dyonic black holes will be addressed in a future publication.
